Introduction
Aplastic anemia (AA) is classified as non-severe aplastic anemia (NSAA), severe aplastic anemia (SAA) and very severe AA, according to the degree of cytopenia. NSAA is defined as AA that does not meet the diagnostic criteria of SAA (1) . NSAA is a type of AA, which is a common chronic disease of the blood that severely affects the quality of life of patients; however, current treatments are ineffective and costly (2, 3) . In previous years, accumulating evidence has indicated that the pathogenesis of AA is associated with the abnormal activation of T cells, which damages hematopoietic stem cells (HSCs) (4) . The clinical course of NSAA is quite variable compared with SAA. As the disease develops, certain patients may progress to SAA. In patients with NSAA, the lower the blood cell counts and reticulocyte percentage (Ret%), the more readily the disease progresses and the more serious the disease state. Furthermore, patients that do not respond to treatment also readily progress to SAA (5) . Approximately one-half to two-thirds of patients with NSAA are expected to respond to oxymetholone, cyclosporine or other agents; however, the remaining one-third of patients will experience treatment failure (6, 7) . Although some progress has been made in the treatment of NSAA, the current therapeutics are not satisfactory.
The pathogenesis of NSAA is closely associated with immune abnormalities; therefore, NSAA is considered to be an autoimmune disease involving immune-mediated bone marrow hematopoietic damage (8) . In the clinic, the majority of patients with NSAA respond well to adrenocortical hormone and/or high-dose intravenous immunoglobulin treatment, indicating that the cytopenia may be mediated by autoantibodies (9, 10) . There may also be a humoral immune mechanism involved in the pathogenesis of NSAA. However, the precise mechanisms of humoral immune attack on HSCs remain unclear.
Under physiological conditions, complement activation and the regulation of the system are in equilibrium, and the system protects the organism from pathogens. When the balance is altered, the disorganized complement system attacks its own cells and tissues, causing multiple inflammatory reactions and autoimmune diseases (11) . The complement system has a biological role in phagocytosis, clearing senescent cells, the immune response and mediating inflammatory reactions (12) . Complement component 1q (C1q) is an important component of the classical complement cascade and is involved in disassembling immune complexes and removing apoptotic debris (13) . It is unclear whether C1q or other components are involved in the pathogenesis of NSAA.
The present study used isobaric tags for relative and absolute quantitation (iTRAQ) technology to identify differently expressed proteins by comparing bone marrow mononuclear cells (BMMNCs) from patients with NSAA and healthy volunteers to investigate the immune mechanisms of NSAA. ELISA was used to measure the concentration of differently expressed proteins in serum samples, and the association between serum protein levels and disease severity in patients with NSAA was evaluated.
Materials and methods
Patients. For iTRAQ detection, 20 untreated patients newly diagnosed with NSAA were recruited between June 2016 and June 2017 at the Hematology Department of Tianjin Medical University General Hospital (Tianjin, China). Additionally, 20 healthy volunteers, with normal routine blood analyses, were recruited as the normal control group. The characteristics of the patients and normal controls are listed in Tables I and II. For ELISA detection, blood samples from 80 patients with NSAA were collected at the Hematology Department of Tianjin Medical University General Hospital between January 2017 and June 2017, including 40 newly diagnosed patients and 40 patients in remission following treatment. NSAA was diagnosed according to the International AA Study Group criteria (14) . Blood samples from 60 sex and age-matched patients with autoimmune disease were also obtained, including 20 patients with SAA, 20 patients with autoimmune hemolytic anemia (AIHA) and 20 patients with immune thrombocytopenia (ITP) as case controls. Another 20 sex and age-matched healthy controls were also enrolled in the study (Table III) . The healthy control cohorts comprised from individuals who had undergone comprehensive medical screening at the Tianjin Medical University General Hospital, with no history of chronic diseases and no family history of autoimmune diseases.
Human blood samples were collected following a protocol approved by the Ethics Committee of the Tianjin Medical University. Written consent was obtained from every individual, according to the protocol of the Ethics Committee for the Conduct of Human Research. For participants <18 years of age, written informed consent was obtained from their guardians or parents. Based on the Declaration of Helsinki, informed written consent was obtained from all participants or their guardians.
Extraction of BMMNCs. Firstly, 5 ml fresh bone marrow was collected from each participant, and there were no signs of infection in any samples. No participants had received transfusion of blood or blood products within the 3 days prior to sample collection. BMMNCs were isolated by density gradient centrifugation (750 x g for 20 min at 20˚C; density, 1.077; Tianjin Hao Yang Biological Products Technology Co., Ltd., Tianjin, China) using Ficoll-Paque Plus solution (GE Healthcare Life Sciences, Uppsala, Sweden).
Protein extraction and quantitative analysis. The collected cells were washed twice with cold PBS and dissolved in lysis buffer (2 M thiourea, 7 M urea and 0.1% CHAPS). Sonication was performed (60 sec, 20 kHz, amplitude 22%) and the supernatant was collected, followed by static extraction for 30 min at room temperature and centrifugation at 15,000 x g for 20 min at 4˚C. Finally, the protein concentration was measured using a Bradford assay with bovine serum albumin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) as the standard. The remaining samples were stored at -80˚C.
iTRAQ analysis. First, iTRAQ tagging and analysis was performed. The protein from each sample was reduced, alkylated and digested with trypsin. The digested peptides were dried and reconstituted in 50 µl 1 M triethylammonium bicarbonate. The dried peptides were labeled following the manufacturer's protocols (iTRAQ 8-plex kits; AB Sciex LLC, Framingham, MA, USA). Second, all the labelled peptides were pooled together followed by the separation of fractions using reversed-phase liquid chromatography which was performed by a RIGOL L-3000 system (RIGOL Technologies, Inc., Beijing, China). Then the fractionated peptides were analyzed using a Q-Exactive mass spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) fitted with a nano-liquid chromatography system. Then Proteome Discoverer software version 1.3 (Thermo Fisher Scientific, Inc.) was used to interpret the data files. The files were searched using the Mascot search engine against the human protein database downloaded from NCBI (www.ncbi.nlm.nih.gov, Refseq. Human.20130704. fasta).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.
In order to ascertain the biological functions of proteins exhibiting a significant difference in expression levels, proteins were functionally annotated according to the Gene Ontology Consortium database (http://www.geneontology.org/) in order to perform gene ontology (GO) annotation and enrichment analysis. Pathway analysis was also used to determine the significant pathways of the differentially expressed genes using the pathway annotations of microarray genes downloaded from KEGG (http://www.genome.p/kegg).
Detection of serum C1q. All sera were treated with heparin and frozen in 100 µl aliquots at -80˚C prior to analysis. There were no genetic relationships between the study participants. All the samples were collected with informed consent. The concentration of serum C1q was measured using a commercially available ELISA kit (cat. no. SEA747Hu) according to the manufacturer's instructions (Cloud-Clone Corp., Wuhan, China). Briefly, the serum was diluted 1:5,000, and the ELISA plate wells were divided into diluted standards, blank and sample wells, with seven wells as standards and one well as the blank. Dilutions of standards, blank and samples (100 µl) were added to the corresponding wells. The plate was covered with a plate sealer and incubated for 1 h at 37˚C. Subsequently, the liquid was removed from each well and 100 µl Detection Reagent A working solution was added to each well. The wells were covered with a plate sealer and incubated for 1 h at 37˚C, followed by washing three times. Subsequently, 100 µl Detection Reagent B working solution was added to each well and incubated for 1 h at 37˚C, followed by three washes. Finally, 90 µl Substrate Solution was added to each well and incubated for 20 min at 37˚C. The liquid turned blue following the addition of Substrate Solution and the optical density (OD) was measured spectrophotometrically at a wavelength of 450±10 nm. The concentration of C1q in the samples was determined by comparing the OD of the samples to the standard curve.
Measurement of complete blood count (CBC) of peripheral blood.
CBC assessment is critical not only for diagnosing and managing NSAA, but also for assessing disease severity. The following CBC parameters were studied: Granulocyte counts; platelet counts; the level of hemoglobin; and Ret%. All CBCs were performed using Sysmex XE-2100 (Sysmex Corporation, Kobe, Japan).
Measurement of T cell subsets (CD4/CD8 ratio) and dendritic cell subsets (mDC/pDC ratio) in peripheral blood by flow cytometry. Cluster of differentiation (CD)3(+)
CD4(+) and CD3(+)CD8(+) T lymphocytes were stained using anti-CD3-peridinin chlorophyll protein complex (PerCP), anti-CD4-fluorescein isothiocyanate (FITC) and anti-CD8-phycoerythrin (PE). Myeloid dendritic cells (mDCs) were identified as Lin(-) major histocompatibility complex, class II, DR (HLA-DR)(+)CD11c(+), while plasmacytoid dendritic cells (pDCs) were identified as Lin(-)HLA-DR(+) CD123(+). The cells were incubated for 30 min at 4˚C with the antibodies. CD3-PerCP (cat. no. 552851; 20 µl), CD4-FITC (cat. no. 340133; 20 µl), CD8-PE (cat. no. 340046; 20 µl), Lin-FITC (cat. no. 562722; 20 µl), HLA-DR-PerCP (cat. no. 347364; 20 µl), CD123-PE (cat. no. 554529; dilution, 0.2 mg/ml), and CD11c-APC (cat. no. 559877; 20 µl) antibodies were purchased from BD Pharmingen (BD Biosciences, San Jose, CA, USA). All the antibodies detected by flow cytometry were directly immunofluorescent labelled, therefore a secondary antibody was not required. The data collected in the experiment were analyzed using a BD FACSCalibur (BD Biosciences) with CellQuest software, version 3.1.
Statistical analysis. All data were analyzed using Prism software (version 6; GraphPad Software, Inc., La Jolla, CA, USA) and/or SPSS for Windows (version 19.0; IBM Corp., Armonk, NY, USA). The significance of comparisons between means was determined with multiple t-tests using the Holm-Sidak method, and one-way analysis of variance when a Gaussian distribution was assumed or Kruskal-Wallis test when a Gaussian distribution was not assumed. The association between qualitative variables was evaluated by Spearman correlation analysis. Data are presented as the mean ± standard deviation. All experiments were performed In order to identify proteins associated with the pathogenesis of NSAA, a comparative analysis of BMMNC proteomics was performed in patients with NSAA and a control group using iTRAQ. Cutoff values of 0.404-fold for underexpression and 2.612-fold for overexpression were used to define a differentially expressed protein according to a 95% confidence level. Using these criteria, 134 proteins were differentially expressed between patients with NSAA and normal controls. Among the differentially expressed proteins, 42 were upregulated and 92 were downregulated in patients with NSAA compared with the normal controls. Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis revealed that the differentially expressed proteins were enriched in a number of pathways, including 'complement protein', 'MHC II', 'H2A histone family', 'H3 histone', 'histone cluster 1' and 'histone cluster 1' (Table IV) ; however, expression of these proteins was only significantly enriched one pathway, 'Non-severe aplastic anemia', mainly about 'Humoral immune pathogenesis' (P<0.05; Table Ⅴ) . Specifically, the differential expression of C1q was more marked compared with the other proteins, with the expression of C1q being lower in patients with NSAA compared with normal controls. This suggested that C1q may have an important role in the pathogenesis of NSAA (Fig. 1) . controls (P>0.05). The serum C1q levels of the patients with NSAA in remission were higher compared with those of the untreated patients; however, there was no statistical difference between patients with NSAA in remission and normal controls (P>0.05; Fig. 2 ).
Correlations of serum levels of C1q and clinical indicators in patients with untreated NSAA.
In order to understand the clinical significance of C1q in NSAA, the association between C1q levels in serum and the clinical indicators of NSAA was determined by correlation analysis. The clinical indicators analyzed included blood cell counts (granulocytes, hemoglobin, platelets and Ret%) and immune indices (mDC/pDC and CD4/CD8 ratio). The serum concentrations of C1q were positively correlated with granulocyte counts (r= 0.792; P<0.0001), hemoglobin (r= 0.602; P<0.0001), platelet counts (r= 0.716; P<0.0001) and Ret% (r= 0.845; P<0.0001). Additionally, the serum C1q concentration was positively correlated with the mDC/pDC ratio (r=0.749; P<0.01) and negatively associated with the CD4/CD8 ratio (r=-0.621; P<0.0001; Fig. 3 ).
Discussion
NSAA is a common chronic disease of the blood that seriously affects the quality of life of patients, and the current treatments are not effective (2, 3) . Years of research have revealed that the pathogenesis of NSAA is closely associated with immune abnormalities (8) . In our previous clinical research, patients diagnosed with NSAA received experimental administration of corticosteroids and/or high-dose γ globulin and, after 3 months of follow-up, all patients exhibited a marked response to treatment (9,10). Previous reports have suggested that the incidence of this disease may be associated with abnormal humoral immunity (9,10). Wang et al (9) reported that immune-related hemocytopenia (BMMNC-Coombs test-positive hemocytopenia) is an autoimmune disease in which autoantibodies target bone marrow hemopoietic cells, and the autoantibodies are detectable by BMMNC-Coombs test or flow cytometry. Additionally, certain patients with systemic lupus erythematosus (SLE) that have cytopenia are BMMNC-Coombs positive (15) . These results suggest that humoral immunity is involved in the pathogenesis of NSAA. In recent years, proteome research technology has been widely used in numerous fields of medical science, and remarkable achievements have been reported in autoantigen isolation and identification techniques, which have facilitated basic research into autoimmune diseases (16) . iTRAQ technology is an in vitro isotope labeling technique developed in recent years, and it has been widely used in quantitative differential proteomics analysis, particularly in the investigation of tumor and autoimmune diseases (17) . iTRAQ is one of the most recently developed of these high-throughput, high-sensitivity techniques that are able to perform relative or absolute quantification of protein expression levels. One of the advantages of the technology is that it is able to detect proteins in samples of ≥100 µg (18, 19) . The iTRAQ method is more sensitive and reliable compared with previous proteomic techniques. The advantages of iTRAQ facilitated the proteomic investigation of BMMNCs from patients with NSAA in the current study.
Serada and Naka (20) previously screened for novel biomarkers in patients with rheumatoid arthritis (RA) using iTRAQ technology. The marker identified may be useful for assessing disease activity in patients with rheumatoid arthritis (RA) following the use of anti-tumor necrosis factor-α therapy, and may help to evaluate disease prognosis in patients with RA (20) . To further investigate the pathogenesis of NSAA, iTRAQ technology was used in the current study to compare the protein expression in mononuclear cells obtained from patients with NSAA and normal subjects.
The results revealed that the expression of various proteins was different in patients with NSAA compared with normal subjects. Pathway analysis demonstrated that the expression of proteins associated with the humoral immune pathway was abnormal in patients with NSAA compared with normal controls. Thus, the pathogenesis of NSAA may be associated with specific antigen stimulation leading to the activation of antigen presenting cells and the transformation of TH0 cells into TH2 cells, which activates B cells to produce antibodies, and ultimately destroys hematopoietic cells in the bone marrow. This supports our previous study of the pathogenesis of NSAA (9, 10) , and suggests that the complement system has an important role in NSAA. The complement system is an important component of innate immunity consisting of a group of proteins with enzyme activity that functions in the blood and on the surface of blood cells. The complement system has an important role in immune responses and in mediating inflammatory reactions (12) , and may be activated through three pathways (21) . The classical pathway of complement activation is characterized by the binding of C1q to immune complexes (22) . C1q complexes contain proteins encoded by three genes, C1qA, C1qB and C1qC, localized at chromosome 1p34-36 (23). It is an important component of the classical Figure 2 . Serum levels of C1q in each group of patients. The concentrations of C1q in the untreated patients with NSAA, and patients with ITP or AIHA were significantly lower compared with those in the healthy individuals, and the C1q in the untreated patients with NSAA was significantly lower compared with patients with SAA. The serum C1q levels of the patients with NSAA in remission were higher compared with those of the untreated patients; however, there was no statistical difference among patients with NSAA in remission, SAA and normal controls. NSAA, untreated non-severe aplastic anemia; R-NSAA, non-severe aplastic anemia remission; C1q, complement component 1q; ITP, immune thrombocytopenia; AIHA, autoimmune hemolytic anemia. complement pathway and is involved in disassembling immune complexes and removing apoptotic debris (13) .
When the complement system is in equilibrium it protects the organism from pathogens. When the balance is disrupted, the complement system may attack cells and tissues, causing multiple inflammatory reactions and autoimmune diseases (11) . The complement system is activated via the classical pathway, alternative pathway, or mannose-binding lectin pathway. C1q is an important mediator of the classical complement pathway, and it clears antigen antibody complexes by identifying the complement binding site of the antibody Fc segment in the IgG or IgM immune complex to activate the complement cascade (24). Additionally, recent research has indicated that C1q is able to identify apoptotic cells via a complement-dependent immune regulation pathway, with C1q rapidly initiating phagocytosis to eliminate apoptotic cells (25) . C1q also inhibits inflammatory responses and helps the body maintain its immune tolerance. Alsuwaida et al (26) detected C1q levels in serum from patients with SLE, and the results indicated that C1q levels were lower in patients with SLE compared with other rheumatic diseases, patients with kidney disease and a normal control group. Correlation analysis revealed that serum C1q levels in patients with SLE were negatively correlated with SLE disease activity index scores. These previous findings suggested that detecting serum C1q may be useful for the diagnosis of SLE and lupus nephritis, and may be an important indicator for evaluating SLE disease severity and assessing the potential curative effect of treatments. The pathogenesis of SLE is associated with loss-of-function C1q mutations in numerous patients (27) (28) (29) . Additionally, decreased activity of C1q in the classical pathway is associated with the severity of SLE. The presence of anti-C1q autoantibodies may result in decreased C1q levels in patients with SLE (30) . Another study that detected serum levels of complement C1q in patients with RA (active and remission groups) and healthy subjects demonstrated that the level of C1q in the active RA group was significantly higher compared with that in the RA remission group and healthy control group, indicating that C1q is associated with RA activity and may be used as an evaluation index to assess disease status (31) . In the current study, 134 proteins were significantly differentially expressed between patients with NSAA and normal controls. Among the differentially expressed proteins, 42 were upregulated and 92 were downregulated. In the protein screening analysis, the differential expression of C1q was more marked in patients with NSAA compared with normal controls. Subsequently, ELISA was used to validate the proteomics data and the findings confirmed that C1q levels were significantly lower in patients with NSAA compared with normal controls, and the level of C1q was significantly correlated with the immune status of the patients. Patients with SAA, AIHA and ITP were used as case controls, and the C1q levels in patients with ITP and AIHA were significantly lower compared with those in normal controls. The concentration of C1q in the untreated patients with NSAA was significantly lower compared with that in patients with SAA; however, there was no significant difference among patients with SAA, patients with NSAA remission and normal controls. These results suggested that the complement pathway may have an important role in the pathogenesis of NSAA.
In conclusion, NSAA is an autoimmune disease mediated by immune hyperfunction that targets the hematopoietic system. Previous clinical work suggested that patients with NSAA have abnormal humoral immune function (9,10). The current study used iTRAQ technology to demonstrate that abnormal humoral immune mechanisms are present in patients with NSAA. In the current study, iTRAQ data suggested that C1q has a role in the immune pathogenesis of NSAA, which may be associated with the hyperfunction of immune responses and the immunological destruction of HSCs. The complement pathway serves an important role in the pathogenesis of NSAA, and the specific mechanisms involved require further investigation. Balancing the stability of complement components may be a potential new direction for research into and treatment for NSAA.
